Respiration in support of N 2 ®xation by rhizobia in legume root nodules depends on an adequate supply of O 2 , but excessive O 2 can damage nitrogenase, the key enzyme. The movement of O 2 into and within the nodule is driven by gradients in the concentration of O 2 or in the oxygenation of the O 2 -carrier, leghaemoglobin. Steeper gradients may increase¯ux to the sites of respiration, but gradients also raise the possibility of inadequate O 2 in some nodule zones and excessive O 2 in others. No detailed study of O 2 gradients in the interior of nodules has been published previously. Spectral changes in leghaemoglobin with oxygenation, previously used to measure the average O 2 status of the nodule interior, were used to map longitudinal gradients in O 2 and in respiratory capacity in the elongated nodules of alfalfa (Medicago sativa L.) and sweetclover (Melilotus of®cinalis L.). Variability among nodules under air in the magnitude and direction of internal O 2 gradients was seen in both species. Despite consistently higher respiratory capacity near the meristematic tip, a majority of nodules had higher O 2 towards the tip than towards the base. These results contrast with a previous report, apparently based on limited data, but they are consistent with anatomical and tracer studies showing higher gas permeability near the tip.
Introduction
Under ideal conditions, N 2 -®xation by bacteroids, a differentiated form of rhizobia (Rhizobium, Bradyrhizobium, Mesorhizobium, Sinorhizobium, or Azorhizobium spp.) inside legume root nodules, can supply a large fraction of plant N needs. N 2 -®xation is powered by bacteroid respiration, so an adequate O 2 supply is essential. However, excessive O 2 concentrations can cause irreversible damage to nitrogenase. Even O 2 concentrations well below atmospheric levels can cause reversible inhibition of nitrogenase activity (Denison et al., 1992b) . Legumes have evolved various sophisticated mechanisms that maintain a low O 2 concentration (mol m ±3 ) around the bacteroids, while providing a high O 2¯u x (mol s ±1 ) to support high respiration rates by the bacteroids. These adaptations include a physical barrier to gas diffusion, surrounding the nodule interior, and leghaemoglobin, which facilitates O 2 diffusion within rhizobium-infected cells.
Steep gradients in O 2 across the diffusion barrier have been measured with microelectrodes (Tjepkema and Yocum, 1974; Soupene et al., 1995) , but detailed data on O 2 gradients within the nodule interior have not been published. Diffusion of O 2 through gas spaces between cells is driven by gradients in O 2 concentration, whereas diffusion within infected cells also depends on gradients in Lb oxygenation. Steeper O 2 gradients would increase O 2 ux, but could also result in O 2 concentrations high enough to inhibit nitrogenase (or low enough to limit rhizobial respiration) in some parts of a nodule, even if average O 2 concentration were within the optimum range for N 2 ®xation.
Longitudinal gradients in the elongated nodules that result from indeterminate nodule growth in legumes like alfalfa (Medicago sativa L.) or sweetclover (Melilotus of®cinalis L.) are of particular interest. These nodules typically contain several developmental zones (Vasse et al., 1990) . Near the growing tip, rhizobia, similar in appearance to the free-living form of these bacteria, are mostly contained within infection threads, which are tubular structures of plant origin. Closer to the point of attachment to the root, membrane-bound compartments containing rhizobia are released into plant cells where the rhizobia differentiate into bacteroids, the form capable of ®xing N 2 . Older nodules typically have a senescent zone, where little or no N 2 is ®xed, near the root. Longitudinal O 2 gradients, if they exist, could have a role in the development or maintenance of these zones.
It has been proposed that decreases in nodule O 2 permeability, which conserve photosynthate and protect nitrogenase from O 2 -inactivation after defoliation (Hartwig et al., 1987; Denison et al., 1992a) , may also limit losses to`ineffective' rhizobia, which ®x little or no N 2 (Udvardi and Kahn, 1993; Denison, 2000) . Longitudinal O 2 gradients could enhance or reduce the effects of such`legume sanctions' on reproductive rhizobia near the tip, relative to the effects on terminally differentiated bacteroids.
Unfortunately, O 2 concentration in the nodule interior is typically too low for accurate measurements using microelectrodes. Quantitative estimates of dissolved O 2 concentration in the nodule interior (O i ) have therefore been based on non-invasive optical measurements of the oxygenation of Lb, whose spectral properties change when it binds O 2 (Klucas et al., 1985; King et al., 1988) . Previous applications of this approach to the problem of nodule O 2 gradients have been quite limited, however. Lee et al. (1995) reported that the older half of yellow sweetclover nodules`always showed more oxygenation'. Their result is surprising because studies of nodule anatomy and tracer experiments using iodine vapour (Jacobsen et al., 1998) suggested that gases enter mainly near the meristematic tip, at least in alfalfa nodules. A suberized endodermis apparently limits gas in¯ux from the atmosphere into older parts of the nodule. Although the direction of O 2 gradients reported by Lee et al. for sweetclover nodules is opposite from what might be predicted from the point of O 2 entry in alfalfa nodules, O 2 gradients would also depend on longitudinal gradients in respiratory O 2 consumption. If respiration rates near the root were low enough, then even the limited O 2¯u x through the endodermis might maintain O i as high or higher than it is near the tip.
Given the possible importance of nodule O 2 gradients in the nodule interior, and the lack of statistical information on these gradients in previous work (Lee et al., 1995) , O 2 gradients were examined in representative numbers of both alfalfa and sweetclover nodules. Spectral changes in leghaemoglobin with oxygenation were used as an intrinsic indicator of internal O 2 in intact, attached nodules.
Materials and methods
Growth of plants and measurement of fractional oxygenation of leghaemoglobin (FOL) followed the methods of Shimada et al. (1997) , except that plants were grown in growth pouches rather than slide chambers, and a 10-bit rather than an 8-bit frame grabber was used to improve precision in measuring light transmittance through nodules. A small hole was cut through the plastic and the paper wick of the growth pouch to expose a nodule, and the pouch was placed on the stage of an inverted microscope. Video images of the selected nodule were captured using 580 nm ®lters on both illumination system and camera.
Transmittance of 580 nm light through a nodule decreases with increasing FOL, but transmittance also depends on Lb concentration and on absorbance by materials other than Lb. Therefore, FOL was calculated for each pixel in an image, using reference values for that same pixel with FOL=0 and 1, corresponding to fully deoxygenated and fully oxygenated Lb, respectively (Shimada et al., 1997) . To obtain these reference images, a nodule initially under humidi®ed air (20% O 2 in N 2 ) was exposed successively to humidi®ed N 2 , 70% O 2 , and N 2 until a steady-state was achieved in overall FOL (typically within 30 s) under each gas, before returning to air. Overall FOL (a single value representing the entire nodule) was simultaneously monitored during this process using a modulated 660 nm LED connected to a lock-in ampli®er (Layzell et al., 1990) , to con®rm that exposure to elevated O 2 and pure N 2 resulted in fully oxygenated and deoxygenated Lb, respectively, by the time the reference images were captured. Differences between these reference images and sample images captured at other points during the gas exposure sequence were used to map initial FOL gradients in air and to visualize patterns of changing FOL in response to external O 2 .
For each pixel, FOL at time t was calculated using the equation:
where FOL(t) x,y is the FOL at time t and pixel coordinates x,y; I(t) x,y is the intensity at 580 nm of the same pixel at time t; and I(O 2 ) x,y and I(N 2 ) x,y are the corresponding intensities under fully oxygenated and fully deoxygenated conditions, respectively (Shimada et al., 1997) . Image analysis software was used to measure longitudinal pro®les in FOL for each nodule. Because Lb is contained inside infected cells, O 2¯u xes at scales larger than an individual cell are assumed to occur mainly as O 2 in intercellular airspaces, in equilibrium with dissolved free O 2 in the infected cells. Therefore, dissolved free O 2 was also estimated, using the equation of Layzell et al. (1990) 
The coef®cient, 37 nM, equivalent to the O 2 concentration at which Lb is 50% oxygenated, may vary among and within species. Legumes often have more than one type of Lb, and these may differ in O 2 af®nity and in distribution within the nodule (Kawashima et al., 2001) . Longitudinal variation in the O 2 af®nity of Lb could affect the quantitative accuracy of dissolved O 2 estimates derived from FOL, but probably not our qualitative conclusions about the direction of O 2 gradients in nodules.
Linear regression was used to quantify the longitudinal gradient in free O 2 along each nodule. Equation 1 is quite sensitive to the difference in the intensity of a pixel between fully oxygenated and fully deoxygenated conditions. As I(O 2 ) x,y ±I(N 2 ) x,y approaches zero, estimated FOL will approach in®nity, for any value of I(t) x,y . Therefore, pixels for which this difference was less than 30 (framegrabber units) were excluded from the regression analysis. Typically, this meant excluding the nodule tip, where there was little change in intensity with oxygen status, due to lack of Lb. In addition, nodules were excluded whose overall change in intensity with the gas treatments was below this threshold, presumably due either to low Lb concentration or to excessive overall thickness or opacity. A frame grabber with more resolution (12 bits or more) would be needed to map FOL in such nodules. The conclusions about O 2 gradients for nodules in air are based on 24 alfalfa and 28 yellow sweetclover nodules. Nodule age ranged from 19 d to about 30 d.
It is possible that the conditions under which FOL was measured in these experiments could stress nodules in ways that might affect nodule O 2 gradients. To test this hypothesis, representative data for control and stressed nodules from a ®eld experiment on grazing effects on white clover (Trifolium repens L.) are included for comparison with these laboratory data. The effects of stress on O 2 gradients were also examined directly by mapping FOL as above in nodules attached to plants that had been detopped 4±6 h previously. Previous work with alfalfa showed that this is enough time to affect overall FOL (Denison et al., 1992a) .
Results
Calculated FOL images for representative alfalfa nodules under steady-and non-steady-state conditions are shown in Fig. 1A±I . Under air, a few alfalfa nodules had much higher FOL towards the meristematic tip than towards the base (Fig. 1A) , many had slightly higher FOL towards the tip (Fig. 1B) , and a few had slightly lower FOL towards the tip (Fig. 1C) . Quantitative data on the frequency of each are given below.
Calculations of FOL assumed that any change in the brightness of a given pixel is due only to changes in FOL near that pixel. Movement of a bright or dark feature in or out of a given pixel therefore resulted in an underestimate of FOL at one point and a corresponding overestimate at an adjacent point. Such movements do not affect large-scale patterns, but they can create small-scale variation in FOL images unrelated to actual FOL. The adjacent black and red spots near the base of the nodule in Fig. 1B illustrate the effects of movement, perhaps of a small necrotic region. Noise due to movement was especially apparent near the nodule tip, where there is little or no Lb. With little Lb, there is little change in brightness with FOL, so the denominator in equation 1 is small, magnifying the effects of even small changes in brightness due to movement. As explained in the Materials and methods, these data were excluded from the regression used to quantify nodule O 2 gradients.
Calculated O i decreased markedly from tip to base in some nodules under air, as exempli®ed by Fig. 2A . The other two representative nodules showed slight overall trends in opposite directions from each other (Fig. 2B, C) , although a short segment in Fig. 2C was more similar to the corresponding part of the nodule in Fig. 2A . Nodule tips showed great variability in apparent O i over short distances. Usually, this zone was excluded when the O 2 gradient was calculated by regression, as explained in the Materials and methods, because the small difference between images acquired under N 2 and under elevated O 2 indicated a lack of Lb in this zone, limiting the accuracy of FOL estimates. However, differences between the O 2 and N 2 images for the nodule in Fig. 1A were large enough, even near the tip, that no data were excluded. Figure 3 shows changes in overall (whole-nodule) FOL, monitored at 660 nm, over the course of one of these assays. Whole-nodule FOL decreased to zero within 30 s in each of the two exposures to an O 2 -free atmosphere (N 2 ). Exposure to 70% O 2 resulted in complete oxygenation of Lb in about 4 s. Maps of FOL from 580 nm images acquired during increases and decreases in FOL (Fig. 1D±  I) provide information on spatial patterns in O 2 diffusion (in¯ux from the atmosphere or longitudinal diffusion within the nodule) and O 2 consumption by respiring bacteroids and mitochondria. The arrows in Fig. 3 indicate the approximate times at which the images used to calculate FOL maps in Fig. 1B, E , and H were acquired. During the rapid transition from the fully deoxygenated to the fully oxygenated state, alfalfa nodules often showed transiently higher O 2 towards the tip, as seen in Fig. 1D and E. Only three out of 39 alfalfa nodules had the opposite pattern, i.e. noticeably higher FOL towards the root, during this transition. During the transition (under N 2 ) from fully oxygenated to deoxygenated Lb, FOL was almost always lower towards the tip than towards the base, as seen in Fig. 1G±I . Only one nodule out of 39 had higher FOL towards the tip during this transition.
Results for sweetclover nodules were similar to those for alfalfa, as seen in FOL maps of representative sweetclover nodules in air (Fig. 1J±L) . Steady-state longitudinal gradients in FOL for alfalfa and sweetclover nodules under air are summarized in Fig. 4 . There were more nodules having higher O 2 towards the base in sweetclover (Fig. 4B ) than in alfalfa nodules (Fig. 4A) . However, there were still more sweetclover nodules with higher O 2 towards the tip than the other way around. The median values for O 2 gradients in alfalfa and sweetclover nodules were ±5.1 and ±4.2 nM mm ±1 , respectively, where negative values indicate that O i decreases from the tip to the base. As discussed below, these gradients are in the opposite direction from those reported by Lee et al. (1995) .
Could this discrepancy be the result of some form of stress, either in these experiments or in those of Lee et al.? In this study's assays, O 2 in¯ux was typically rapid, as shown in Fig. 3 . This pattern is characteristic of healthy nodules in the ®eld, for example, nodules attached to healthy white clover plants (Fig. 5A) , and quite different from that seen in severely stressed plants, for example, after grazing (Fig. 5B) . Similar patterns have been seen in soybean (Glycine max) in the ®eld (Denison et al., 1991) .
In a direct test of the hypothesis that stress may reverse the direction of O 2 gradients in nodules, only three out of 39 alfalfa nodules and two out of 27 sweetclover nodules attached to detopped plants showed higher FOL towards the base (proximal end) under air. Of the remainder, a majority of nodules of each species had gradients in the opposite direction, i.e. higher O i near the tip, while others showed little or no gradient. The direction of nodule FOL gradients during O 2 in¯ux was similar to that under air, and opposite that when FOL was dominated by respiration under N 2 . These results are qualitatively similar to those for non-detopped control plants.
Discussion
A majority of nodules in this study had O 2 gradients in the opposite direction from those reported by Lee et al. (1995) . Some of the nodules from this study showed results consistent with their report (Fig. 4B) , and the number of nodules on which their measurements were made was not stated, so it is possible that this discrepancy simply re¯ects a limited number of nodules in their study. Both studies used spectral measurements of Lb to infer O 2 gradients. There were a number of differences in methodological details, but any obvious problems with either method have not been identi®ed. The consistency between Fig. 3 and Fig. 5A (and additional ®eld and laboratory data not shown) suggests that stress was not a problem in these experiments. Lee et al. (1995) did not publish data showing that the physiological status of their nodules was also representative of ®eld conditions, but the current study's detopping experiment shows that stress will not necessarily reverse the direction of O 2 gradients in nodules. O 2 gradients could change quantitatively or qualitatively with other factors, such as nodule age.
There are two possible explanations for the transient FOL gradients often seen during increasing FOL (e.g. Fig. 1D, E) . First, nodule permeability to O 2 could be higher near the tip, allowing faster O 2 in¯ux into this zone. This hypothesis is consistent with nodule anatomy and with iodine vapour tracer experiments (Jacobsen et al., 1998) . An alternative hypothesis is that nodule respiratory capacity is lower in or near the meristematic tip, so that respiration is unable to keep pace with O 2 in¯ux into this zone from an external atmosphere of 70% O 2 . The reverse FOL gradients in Fig. 1G±I are inconsistent with this second hypothesis, however. These ®gures illustrate the result, consistently obtained, that FOL in a nodule whose Lb had been O 2 -saturated decreased (when exposed to an O 2 -free atmosphere) more quickly nearer the tip than near the base. This indicates higher, not lower, respiratory capacity near the tip. A higher rate of respiration in the meristematic zone or in zone II (Vasse et al., 1990) , where there is active cell expansion and growth of infection threads, also seems more physiologically plausible. The consistently lower FOL near the tip of nodules in which FOL was decreasing due to respiration also gives additional credence to the observations of gradients in the opposite direction under air.
Because there is little Lb in the meristematic zone, O 2 availability to undifferentiated rhizobia in infection threads cannot be assessed directly. The FOL in Lbcontaining cells nearest the tip suggests that O 2 supply is unlikely to limit rhizobial respiration there in unperturbed nodules, but any limitations on short-range diffusion could alter this conclusion. A lack of functional Lb in would probably preclude application of this method to senescent nodules or senescent zones in older nodules.
It is concluded that alfalfa and sweetclover nodules usually have higher O 2 permeability, but also higher respiratory capacity, towards the meristematic tip. The balance between permeability and respiratory capacity differs among nodules, resulting in variability among nodules with respect to FOL gradients (Fig. 4) . There is only a slight FOL gradient along the nodule in many cases, but O 2 is more likely to be higher near the tip than near the root. The detopping experiments suggest that this may be the case even in nodules with reduced O 2 permeability. If so, then a decrease in permeability that reduced O 2 supply to reproductive rhizobia near the nodule meristematic tip would also limit O 2 supply to bacteroids, as well as to any saprophytic rhizobia that may occur nearer the root (Timmers et al., 2000) .
